Introduction
As the packing density increases in an ultra-large-scale integrated (ULSI) device manufacturing process, the requirement of an acceptable metallic contamination level becomes more stringent. 1 Because trace amounts of metallic impurities affect the performance of electronic devices, a highly precise analytical technique is demanded.
Vapor-phase decomposition (VPD) sample preparation is one of the most prevalent analytical methods for metallic impurity analysis. 2, 3 Oxides on a silicon wafer are decomposed with HF vapor, or mixed acid vapor, and then a liquid droplet is rolled on the hydrophobic surface. VPD preparation has been coupled with several different trace elemental analytical techniques, such as inductively coupled plasma mass spectrometry (ICP-MS), [4] [5] [6] [7] atomic absorption spectrometry (AAS) [8] [9] [10] [11] and total-reflection X-ray fluorescence (TXRF). [12] [13] [14] In order to analyze the metallic impurities in a bulk of silicon wafer, etching or bulk decomposition sample preparation is used. 15, 16 The whole wafer surface is etched toward depth, or a silicon specimen is decomposed by acids.
Then the decomposed silicon and acids are removed by heating on a hot plate. Metallic impurities remaining after matrix removal are measured by analytical instruments. The results from these methods, such as VPD preparation, etching or bulk decomposition, are shown as the mean value of the entire wafer surface or bulk.
Metallic impurities, however, are not contaminated uniformly in a wafer in the device or wafer manufacturing process.
In addition, ultra-trace metallic impurities are not detected by the dilution effect of a large sampling size. Therefore, there is a great demand to analyze trace metallic impurities for a specific area.
In this paper, the analytical method for a specific area on a wafer is described. For the sample preparation of a local area and a specific depth of a silicon wafer, a sampling apparatus has been developed. The etching area can be easily defined using this apparatus at the same fixed positions on several wafers. After preparation, Fe, Cu and Ni were measured by the ET-AAS. Determination by ICP-MS or ET-AAS is a common technique for the analysis of metallic impurities. Even though ICP-MS has a lower detection limit, it needs a special sample introduction system for a small-volume sample containing Si and HF. Because of a few instrumental limitations, ET-AAS was used in this experiment. As an application using a local etching apparatus, wafers annealed after the contamination of metallic impurities and patterned wafers were analyzed.
Experimental

Instrument and apparatus
A Perkin Elmer ZL5100 GF-AAS (Perkin Elmer, Norwalk, CT, USA) equipped with a Zeeman background corrector was used to measure Fe, Cu and Ni. A pyrocoated graphite tube was used, the operating conditions are described in Table 1 . For sample preparation, the etching apparatus is made with polytetrafluoroethylene (PTFE). A schematic diagram of the etching apparatus is shown in Fig. 1 .
The apparatus is divided into three parts: main part, IR lamp part and vacuum exhausting part. The main part is composed of a main plate and a cover plate with punched holes. Also, an IR lamp is set for heating the etching solution, and the reaction gas is vented by the vacuum exhausting part. The diameter of the sampling tube is 10 mmφ. The sampling tube is designed especially for protecting the leakage of the etching solution while the silicon wafer is being etched. An etching technique for the determination of the metallic impurities distribution in silicon wafers has been developed. An area of 10 mmφ and 10 µm depth was etched by 100 µL of an etching solution with a HF and HNO3 mixture. The acid matrix was evaporated on the wafer surface by IR lamp illumination and vacuum exhaust. Metallic impurities remaining on the wafer surface were redissolved into the collection solution, which was measured by electrothermal atomic absorption spectrometry (ET-AAS). The recovery invested by local etching/ET-AAS was within 95 -112% for Fe, Cu and Ni. The detection limit (3σ) for Fe, Cu and Ni in silicon was 1 × 10 13 atoms/cm 3 . To confirm the applicability, local etching was applied to evaluate the effects of metallic impurities in a gettering study and the electronic properties of semiconductor devices. It was found that local etching is a useful sample preparation technique for the analysis of metallic impurities in a specific area on a silicon wafer.
Reagents and samples HNO3 (55 wt%), HF (38 wt%) and H2O2 (35 wt%) of a highpurity solution (TAMAPURE AA-10, Tama Chemical Co., Kanagawa, Japan) were used in all of the experiments. Stock standard solutions (1000 µg mL -1 ) of High Purity Standards (Charleston, SC, USA) were used. Working standard solutions of Fe, Cu and Ni were prepared prior to use by diluting 1.0 µg mL -1 of the corresponding standard solution with 2% HNO3. Samples were boron-doped wafers with a diameter of 200 mm and single-side polished and cleaned with VPD sample preparation prior to use.
Procedure
A wafer was placed between the main plate and the cover plate. A sampling tube was placed in a hole at a specific location for the analysis. One hundred microliters of the etching solution were dropped onto the wafer surface encircled by the sampling tube. A vacuum tube was connected in the hole of the sampling tube. The reaction gas was exhausted by a vacuum pump, and the etching solution was dried by illuminating an IR lamp under the wafer. After drying etching solution, the cover plate and the vacuum tube were removed. Two hundred microliters of a dissolution solution with 1% H2O2 and 0.2% HF were pipetted into the sampling tube. This composition of the dissolution solution was shown to be the optimum condition to collect metallic impurities on the wafer surface in a previous report. 3 The dissolution solution was collected by a micropipette after one min. The collected solution was measured by ET-AAS. All of the experiments were carried out in a class-100 clean room.
Results and Discussion
Optimization of the local etching conditions
The etching solution was fixed as a mixture of HF and HNO3 that has been used as an etching solution of silicon in the semiconductor industry for a long time. The volume of the etching solution was limited to 100 µL so as to avoid any leakage of chemicals during the etching reaction and the long dry time needed to remove the solution when using a large volume. The desired etching depth was 10 µm. A device pattern is usually fabricated within 10 µm depth from the surface of the silicon wafer. Therefore, we have been concerned about metallic impurities at this depth. Table 2 shows the etched depth of a silicon wafer produced by different compositions of the etching solution (HF: 2%, 5% and 10%). An etched depth of 10 µm was obtained when the concentration of HF was 5%. The thickness of the wafer before and after etching was measured by a thickness gauge instrument from Tokyo Seimitsu (A070145, Tokyo Seimitsu, Japan). The etching reaction was completed after 20 min.
Recovery test for a local etching procedure
A recovery test was carried out at the optimal etching conditions. One hundred microliters of a 1.0 ng mL -1 standard solution of Fe, Cu and Ni were pipetted onto the wafer surface, and dried by an IR lamp. The area containing a contaminated spot was analyzed with a local etching technique. The recovery was determined as the ratio of the measured concentration to the initial contaminated concentration. A recovery of 95 -112% was obtained from the mean of five samples, as tabulated in Table 3 .
The detection limits obtained in this experiment are also given in Table 3 . They were calculated using three-times the standard deviation of the blank solution, which was treated with the same procedure without spiking. 
Applications in real samples
This local etching technique was applied to a Ni and Cu contaminated wafer for a gettering study of a silicon wafer. For this study, small amounts of Cu and Ni contaminant solutions were dropped onto arbitrary positions of the wafer surface and heat-treated for diffusion to the wafer bulk. The contaminated positions on a wafer and the measured result using a local etching technique are shown in Fig. 2 . The A and D positions were contaminated with Cu and Ni with 500 µL of 1 µg mL -1 , respectively. The B and C areas were not contaminated for a reference. The µ-photoconductance decay (PCD) lifetime measured by a lifetime scanner (WT-85X, Semilab, Hungary) decreased in the Ni contaminated area (D) compared with the non-contaminated area (B and C). At area D, where the µ-PCD lifetime decreased, Ni was detected on the order of 2 × 10 17 atoms/cm 3 by the conversed unit in silicon. However, neither a decrease in the lifetime nor the detection of Cu using local etching was found in the Cu contaminated area (A). This means that Cu has an electrically inactive status, and does not exist in the device active area. From this result, we can predict the effect of metallic impurities after a heat treatment. Therefore, it is believed that a local etching technique played a useful role to interpret the behavior of metallic impurities in silicon and problems caused by metallic contamination.
As another application, a local etching technique was applied to a metal oxide semiconductor (MOS) patterned wafer. Cu was intentionally contaminated on the wafer surface by a dipping method. In this as-contaminated state, the total adsorbed Cu was measured to an order of 5 × 10 11 atoms/cm 2 on the wafer surface. MOS capacitors of 12 nm oxide were patterned, and the oxide breakdown voltage (BV) was measured. In Fig. 3 , the electrically bad and good areas are distinguished as black and white rectangles. The criteria of the BV failure was 8 MV/cm. Eventually, the BV results showed particular area trends in the fail distribution. A much greater BV failure occurred in the upper-side region of the wafer map, compared to other regions. It is presumed that surface condition would be varied along the dipping direction in which wafer was handled into/out of a solution. It was reported that the adsorption rates of Cu ion was influenced by the hydrophilicity and surface potential. 17, 18 Three points at good and bad areas were analyzed using a local etching technique. As shown in Fig. 4 , Cu detection in the bad areas was relatively higher than that in the good areas. Stacking-fault-like defects were observed on the etched surface of the bad area. In other work, it was reported that these stacking-fault-like defects were generated by Cu contamination. 19 It was demonstrated that metallic impurities on a specific area could be effectively analyzed using a local etching technique. The greatest advantage of the local etching apparatus would be its universal applicability to diverse wafer samples, such as polished, oxidized and patterned wafers. If the conditions of local etching, such as chemical composition or concentration, etching area and etching depth are controlled, the local etching technique could be used to analyze not only the effect of metallic impurities on the electronic property of semiconductor devices, but also trace metallic impurities in various device layers. Recovery, % Detection limit, atom/cm 3 100 ng of each element was spiked. Mean ± standard deviation, n = 9. 
